The nodC and nifH genes were characterized in a collection of 83 rhizobial strains which represented 23 recognized species distributed in the genera Rhizobium, Sinorhizobium, Mesorhizobium and Bradyrhizobium, as well as unclassified rhizobia from various host legumes. Conserved primers were designed from available nucleotide sequences and were able to amplify nodC and nifH fragments of about 930 bp and 780 bp, respectively, from most of the strains investigated. RFLP analysis of the PCR products resulted in a classification of these rhizobia which was in general well-correlated with their known host range and independent of their taxonomic status. The nodC and nifH fragments were sequenced for representative strains belonging to different genera and species, most of which originated from Phaseolus vulgaris nodules. Phylogenetic trees were constructed and revealed close relationships among symbiotic genes of the Phaseolus symbionts, irrespective of their 16S-rDNA-based classification. The nodC and nifH phylogenies were generally similar, but cases of incongruence were detected, suggesting that genetic rearrangements have occurred in the course of evolution. The results support the view that lateral genetic transfer across rhizobial species and, in some instances, across Rhizobium and Sinorhizobium genera plays a role in diversification and in structuring the natural populations of rhizobia.
INTRODUCTION
The legume-nodulating bacteria, collectively called rhizobia, form a group of soil bacteria belonging to the α-subclass of the Proteobacteria (Young & Haukka, 1996) . The current taxonomy reveals their wide diversity at the genus, species and intraspecies levels. They 
Fig. 1.
Phylogenetic (neighbour-joining) tree showing the relationships between rhizobia and related agrobacteria based on 918 bp aligned 16S rDNA sequences (positions 20-937 of the nucleotide sequence of the R. leguminosarum bv. trifolii 16S rRNA gene). Significant bootstrap probability values are indicated at the branching points (only values greater than 80 % over 100 replicates are shown). This tree is almost identical to the tree based on 1450 bp aligned 16S rDNA sequences (not shown), which was constructed by omitting the 918 bp sequence of strain OR191. The main difference concerns the clade formed by R. etli, R. leguminosarum and R. tropici, which is no longer supported by significant bootstrap values in the tree including the sequence of strain OR191. The horizontal branches are drawn proportionally to the number of nucleotide substitutions per site. A., Azorhizobium ; Ag., Agrobacterium ; Al., Allorhizobium ; B., Bradyrhizobium ; M., Mesorhizobium ; R., Rhizobium ; S., Sinorhizobium ; (T), type strain.
symbiotic features collides with the complexity of the molecular mechanisms involved in host specificity (for review, see Perret et al., 2000) , and also the difficulty of establishing host range (Pueppke & Broughton, 1999) , particularly because of the great number of legume species. Such a classification requires a standardization of nodulation tests and the control of optimal conditions for plant growth. Although probably underestimated, it is well established that many rhizobia are able to nodulate different legume genera, and that many legumes can be nodulated by several rhizobial species. The bacterial nodulation (nod) genes, which are induced by plant flavonoids, determine the synthesis of Nod factors, the main nodulation signal molecules (for review, see Perret et al., 2000) . Both the type and the amount of Nod factors are important in determining host specificity. However, rhizobia which have dissimilar nod genes and produce different Nod factors can effectively nodulate the same plant. For example, this is the case of Rhizobium etli bv. phaseoli and Rhizobium tropici, which are both nitrogen-fixing symbionts of Phaseolus vulgaris, the common bean plant (Poupot et al., 1993 (Poupot et al., , 1995 .
The convergence of different rhizobia that harbour distinct nod genes to the same nodulation phenotype has been reported by comparison of phylogenies inferred from housekeeping and Sym (symbiotic) gene loci (Haukka et al., 1998 ; Wernegreen & Riley, 1999) . On the other hand, lateral gene transfer of the Sym genes appears to be the most plausible hypothesis to explain cases of phylogenetic incongruence between Sym and housekeeping genes (Martinez-Romero & CaballeroMellado, 1996 ; Young & Haukka, 1996) . Indeed, phylogenetic trees based on sequences of nod genes are generally not congruent with those based on 16S rDNA sequences, but the nod trees show some correlation with host plant range (Dobert et al., 1994 ; Lindstro$ m et al., 1995 ; Ueda et al., 1995 ; Haukka et al., 1998 ; Wernegreen & Riley, 1999) . By contrast, the phylogeny of nifH genes, which encode the dinitrogenase reductase enzyme, has been reported as closely following that of 16S rRNA genes (Hennecke et al., 1985 ; Young, 1992 ; Dobert et al., 1994) , despite some exceptions (Eardly et al., 1992) . However, these nifH phylogenies were based on analysis of a small number of sequences. Recently, Haukka et al. (1998) Phylogenetic analysis of nodC and nifH genes concluded that, for rhizobia, the phylogeny of nifH was generally not consistent with the phylogeny of 16S rRNA, but was broadly similar to that of nodA genes. This result agrees with the fact that the nod and nif genes are often tightly linked in rhizobia, and can be located on transmissible elements such as plasmids in many rhizobial species or transposon-like elements in Mesorhizobium loti (Sullivan et al., 1995 ; Sullivan & Ronson, 1998) .
Although it is widely agreed that phylogenies based on stable chromosomal genes are necessary to establish a biologically meaningful rhizobial taxonomy, a proper definition of broad host range should consider the diversity of the Sym genes rather than the diversity of the species that carry them. It would thus make sense to include the characterization and the phylogenetic classification of Sym genes in the minimal standards for the description of new rhizobia as previously proposed for the 16S rRNA gene sequences . Such a classification should provide a complementary basic framework for our understanding of the Rhizobium-legume symbiosis.
The P. vulgaris microsymbionts form a taxonomically heterogeneous group. So far, five recognized species plus two distinct 16S rDNA lineages have been described from rhizobial isolates recovered from bean nodules (Martinez-Romero et al., 1991 ; Segovia et al., 1993 ; van Berkum et al., 1996 ; Amarger et al., 1997 ; HerreraCervera et al., 1999) . These species are distributed in two genera, Rhizobium and Sinorhizobium, and the potentially new genus represented by R. giardinii. Moreover, some of these species are subdivided in biovars based on the extent of host range and genetic characteristics of Sym genes Wang et al., 1999a) . Our aim was to determine the congruence between classifications of rhizobia based on Sym genes and 16S rRNA and to estimate evolutionary relationships among rhizobia that have similar host legumes but are chromosomally diverse. Our main focus was the bean symbionts, but we have also analysed a larger collection of rhizobia. We initially developed a simple and rapid method to characterize Sym genes in rhizobia based on RFLP of PCR-amplified DNA, as previously achieved for 16S rRNA genes , and Sym gene loci in Rhizobium leguminosarum (Laguerre et al., 1996) . Representative Sym genotypes were selected for subsequent phylogenetic analyses based on DNA sequencing. As a nodulation gene marker, we chose the nodC gene, which is a common nod gene essential for nodulation in all rhizobial species investigated so far. This gene encodes an N-acetylglucosaminyltransferase which is involved in the first step of Nod factor assembly, and it is also a determinant of host range (reviewed by Perret et al., 2000) . In addition, the nodC sequence is relatively long, which enabled the PCR amplification of large DNA fragments to a priori ensure maximum specificity of RFLP fingerprints and maximum robustness of phylogeny inferred from nucleotide sequences. As a nitrogen fixation marker, we chose the nifH gene, for which the largest number of rhizobial sequences is available for comparison (Haukka et al., 1998) .
METHODS

Bacteria.
The 83 strains used in this study are listed in Table 1 . The bacterial sample included reference or type strains representing 23 recognized species of Rhizobium, Sinorhizobium, Mesorhizobium and Bradyrhizobium, as well as some unclassified rhizobia from various host plants. The geographic origin and the source or the references were given for most of these rhizobia in previous studies dealing with their molecular characterization based on the analysis of the 16S rRNA genes . Three additional isolates from P. vulgaris were included. Strains HT2a2 and HT4c1 are from the collection of the Laboratoire de Microbiologie des Sols in Dijon, France. They were isolated from nodules of P. vulgaris (cv. Vernandon) grown in pots on soil collected at the INRA-Hagetmau experimental station located in the southwest of France. There was no known history of bean cultivation and inoculation at this site. The two strains have the same 16S rDNA type as Rhizobium sp. (Medicago) OR191 based on PCR-RFLP analysis ; see Table 1 ). Sinorhizobium sp. (Phaseolus) GR-X8 was included for sequencing of nifH DNA. This strain is from the collection of the Estacio! n Experimental del Zaidı! n in Granada, Spain. It was isolated from nodules of P. vulgaris (cv. Xera) and from the same soil as Sinorhizobium sp. GR-06 (Table 1 ). The two strains had the same 16S rDNA type, which was also identical to that of Sinorhizobium fredii strains (see Table 1 ).
PCR amplification and restriction digestion.
Approximately 930 bp of the 1300 bp nodC gene was amplified by using forward primers nodCF, nodCFu, nodCF2, nodCF4 or nodCFn, and reverse primer nodCI ( The cell growth conditions and the target DNA preparation were as previously described . The nodC DNA was amplified from 5-10 µl lysed cell suspension mixed with all PCR reagents : polymerase reaction buffer (Gibco-BRL) ; 2n5 mM MgCl # ; 200 µM (each) dATP, dCTP, dTTP, dGTP ; 0n4-0n8 µM (each) nodC primers ; 0n04 U Taq DNA polymerase (Gibco-BRL) µl − ". DNA amplification was done by using a standard temperature profile including an annealing temperature of 55 mC . The procedure for amplification of the nifH fragments was similar, except that reactions were made with 1n5 mM MgCl # , 20 µM (each) dNTP and 0n1 µM (each) nifH primers and the annealing temperature was increased to 57 mC. For a few strains, multiple nodC bands were obtained. In these cases, a small piece of agarose containing the band of the expected size was aspirated by using a hypodermic needle and used as a template in a new PCR.
Restriction pattern analysis of the PCR products with the Berkum et al. (1996) VikingI R. etli phaseoli Phaseolus vulgaris 
R. gallicum gallicum Phaseolus vulgaris
Type Rhizobium sp. OR191
Medicago sativa
Type Mesorhizobium sp.
MSDJ 2184
Coronilla varia Phylogenetic analysis of nodC and nifH genes Bergersen et al. (1986) * The 16S rDNA types were characterized by RFLP analysis of PCR-amplified 16S rRNA genes as previously reported . † The biovars indicated within quotation marks were identified in this study on the basis of the analysis of the Sym genes. ‡ The nodC and nifH types represent the combination of the restriction patterns ; types sharing identical restriction patterns were given the same letter as follows : V, bv. viciae ; T, bv. trifolii ; P, bv. 
† Position of the primer nucleotide sequences in the corresponding nodC sequence of R. leguminosarum bv. viciae and nifH sequence of R. leguminosarum bv. trifolii.
restriction endonucleases listed in Table 1 was as previously described .
Sequencing of nodC and nifH DNA. All the nucleotide sequences, apart from two nifH sequences (see below), obtained in this study were determined by Genome Express (Grenoble, France). In a first attempt, crude nodC PCR products were directly sequenced on both strands by using primers nodCF and nodCI. The less degenerate primer nodCFn, which matched the same oligonucleotide sequence as nodCF, was used for PCR amplification and sequencing of crude PCR products from strains PhD12 and H251. Sequencing of nodC DNA with nodCFn and nodCI was achieved for strains H132 and Viking I only after purification of PCR products by either 70 % ethanol precipitation in the presence of 0n7 M ammonium acetate or (when multiple PCR products were obtained) extraction of the nodC fragment from agarose gels by using a QIAEX II gel extraction kit (Qiagen) followed by ethanol\ammonium acetate precipitation. The sequences of the nifH fragments and the nodC fragment of strains R602sp, H152, ACCC 19665, USDA 2071 and OR191 were obtained after cloning the PCR products by using either a pT7Blue T-Vector kit (Novagen), a pGEM-T Vector kit (Promega) or a TOPO TA cloning kit (Invitrogen) according to the manufacturers' instructions. The result of cloning was checked by PCR amplification by using the vector plasmid primers T7 and SP6 according to the procedure described by Novagen. The crude PCR products were directly used for sequencing with both primers T7 and SP6. Sequencing of nifH fragments of strains GR-06 and GR-X8 was done in an ABI 373 XL Stretch Sequencer (Perkin-Elmer Biosystems) using an ABI Prism BigDye Terminator kit and vector-based sequencing primers (M13 universal and reverse primers).
From all these experiments, 450-750 nucleotides of each DNA strand were determined and an 808-935 bp sequence of nodC fragments and a 736-783 bp sequence of the nifH gene were reconstituted for each strain. Restriction site analyses of the sequences were performed by using the Bisance software (Dessen et al., 1990) .
Phylogenetic analysis. The sequences have been deposited in the GenBank database under accession numbers AF217261 through AF217272 for the nodC sequences and AF218126, AF275670 and AF275671 for the nifH sequences of strains R602sp, GR-X8 and GR-06, respectively.
The accession numbers of the published sequences used for comparisons were as follows. Thompson et al., 1994) . Phylogenetic trees of nodC, nifH and 16S rRNA genes were inferred by using the Phylogenetic Inference Package ( ; Felsenstein, 1989 ) with neighbourjoining analyses from Kimura's (Kimura, 1980) two-parameter nucleotide distances, and the maximum-likelihood method. Phylogenetic trees of NodC and NifH proteins were constructed using the neighbour-joining method from Dayhoff PAM distance matrix computed with the  program of . Confidence in neighbour-joining trees was assessed by bootstrap analysis with the  and  programs of .
RESULTS AND DISCUSSION
PCR-amplification of nodC and nifH gene fragments
The nodC gene fragment was amplified for the majority of the strains investigated (67\82) by using primer pair nodCF-nodCI. Amplification was achieved for R. galegae HAMBI 540 by using either nodCF2 or nodCFu, and for B. elkanii USDA 76 by using nodCF4, instead of nodCF. Forward primer nodCFu was used with Bradyrhizobium sp. LB84 and WU425, and M. amorphae ACCC 19665. The nodC gene could not be amplified for the strains of the bv. sesbaniae of S. terangae and S. saheli by using the nodC primers described in this study, while PCR amplification was successful for the strains of S. saheli and S. terangae bv. acaciae. The bv. sesbaniae has been created recently to group S. saheli and S. terangae strains isolated from Sesbania spp. that showed similar genetic and phenotypic symbiotic features (Lortet et al., 1996 ; Haukka et al., 1998) . The absence of an amplification product was probably due to some nucleotide mismatches in nodC genes of bv. sesbaniae strains with the 3h end region of one or both oligonucleotides used as nodC primer pairs. Amplification of the nifH fragment was achieved for all the 76 strains investigated, except for R. leguminosarum bv. trifolii cc2480a for unknown reasons, and for R. giardinii bv. giardinii H152 as expected since strains in this biovar probably lack nifKDH genes (Geniaux et al., 1993 ; Amarger et al., 1997) .
Correlation between RFLP of Sym genes and host specificity
The results of the RFLP analysis of the PCR-amplified nodC and nifH fragments are given in (Eardly et al., 1992 ; van Berkum et al., 1998) . However, only the latter was reported to nodulate Leucaena leucocephala (Del Papa et al., 1999) . The Medicago sinorhizobia S. meliloti and S. medicae also showed two identical nodC restriction patterns, which indicates that they have closely related nodC genes. Similar nifH restriction patterns were obtained among the R. huautlense strains isolated from Sesbania herbacea and the bv. sesbaniae of S. terangae and S. saheli, showing that at least their nifH genes are closely related. However, the nodC genes of the R. huautlense strains were easily amplified by contrast to those of the Sesbania sinorhizobia. This result indicated some nucleotide differences between their nodC genes but further investigations are needed to estimate to what extent their nodulation genes differ. The five unclassified bradyrhizobia isolated from Lupinus or Ornithopus species, two legume genera that form a single crossinoculation group (Graham, 1976) , also had closely related nifH genes.
Conversely, strains with no known common host plants shared few restriction patterns (and no more than one in pairwise comparisons). However, there were also strains among Phaseolus, Medicago, Acacia or soybean rhizobia that did not share more than one restriction pattern. The RFLP method was not suitable for obtaining more information about phylogenetic relationships between the genes. Few restriction sites in nodC and nifH gene sequences were actually conserved among species or biovars, according to the available nucleotide sequences. Therefore, it was not possible to map the restriction sites for rigorous phylogenetic analyses, and so further nucleotide sequencing was required.
Relationship of phylogeny of Sym genes to host specificity
Complete or partial sequences of the PCR-amplified nodC fragments were determined for representatives of the different RFLP nod-nif types among strains that originated from Phaseolus vulgaris nodules, and for R. leguminosarum bv. trifolii M37, Rhizobium sp. OR191 from Medicago sativa, and the type strain ACCC 19665 of the recently described species M. amorphae (Wang et al., 1999b) . We also determined the sequence of the nifH fragment of R. gallicum bv. gallicum R602sp and of the Sinorhizobium sp. (Phaseolus) strains GR-06 and GR-X8. Restriction site mapping and comparisons with the experimental RFLP data confirmed the quality of the sequences. Phylogenetic analysis of nodC and nifH sequences was performed by using the neighbour-joining and the maximum-likelihood methods, which led to similar results, except for some uncertain nodes which were not supported by high bootstrap values ( 85 % over 500 replicates) in the nifH neighbour-joining tree.
The nodC trees were also similar to that derived from protein translation of the DNA sequences and only the neighbour-joining tree is shown in Fig. 2 . The nodC phylogeny was well correlated with the host plant range. All the nodC genes but one of the Phaseolus rhizobia formed a robust cluster within which the similarity values ranged from 81n9 to 99n5 %. This result suggests that these nod genes evolved from a common ancestor. R. tropici fell outside the bean symbiont cluster and the present data did not show evidence that R. tropici was more strongly associated with the bean symbionts than with other rhizobia. Each of the bvs phaseoli, gallicum and giardinii corresponded to distinct lineages or subclusters, which correlates with the differences observed in host plant range between these biovars Sessitsch et al., 1997) . However, a close relationship was found between the nodC genes of R. gallicum bv. gallicum and R. giardinii bv. giardinii, a result that could not have been anticipated from the RFLP analysis. The similarity values were higher than 90 %. Strain GR-06 formed its own lineage within the bean symbiont cluster, and consequently this strain could not be assigned to any of the previously defined biovars.
The nodC gene of Rhizobium sp. (Medicago) OR191 clustered with the S. meliloti nodC gene, its closest relative (87n8 % homology), suggesting that these genes originated from a common ancestor. OR191 was reported to form ineffective nodules with its host of origin, Medicago sativa, but to be symbiotically more effective with common bean (Eardly et al., 1992) . However, phylogenetic analysis clearly showed that the nodC gene of OR191 was relatively distant from those of the Phaseolus symbionts.
The nifH neighbour-joining tree is shown in Fig. 3 . A tree derived from the protein translation was also constructed (not shown), but the phylogenetic analysis was not reliable since the bootstrap values were generally low ( 50 %). Analysis of longer nucleotide sequences of nifH (738 bp aligned) improved the general robustness of nifH phylogenetic trees (not shown), but the number of rhizobial sequences available for comparison was too small for phylogenetic use. Our neighbour-joining tree was similar to those reported previously (Haukka et al., 1998 ; Wang et al., 1999a) . As in the nodC tree, R. gallicum bv. gallicum formed a tight cluster with R. etli bv. phaseoli, which also included R. etli bv. mimosae Mim2. This strain was isolated from Mimosa affinis but is able to nodulate P. vulgaris and Leucaena leucocephala like strains of R. gallicum bv. gallicum (Wang et al., 1999a) . On the basis of the lack of polymorphism revealed by the RFLP analysis (Table 1) , it seems probable that the nifH genes are very similar among all the strains classified in bv. phaseoli, whatever the species. By contrast, but consistent with the RFLP data in R. gallicum bv. gallicum, the nifH nucleotide sequence of R602sp, the type strain of the species isolated in France, differed from that of the Mexican strain FL27 at 2 % of nucleotide sites. This intra-biovar difference was relatively high compared to the differences observed between R602sp and R. etli bvs mimosae and phaseoli strains, which were only of 3n3 and 3n5 %, respectively. The grouping of the two R. gallicum bv. gallicum strains into a subcluster was supported by an 83 % bootstrap value, but not corroborated by the maximum-likelihood tree, in which the two R. gallicum strains and R. etli bv. mimosae Mim2 each formed a distinct lineage within the Phaseolus cluster. So far, almost all isolates of R. gallicum have been obtained from Europe Sessitsch et al., 1997 ; Herrera-Cervera et al., 1999) . Because of the Mesoamerican origin of bean and Phylogenetic analysis of nodC and nifH genes of R. gallicum strain FL27, Sessitsch et al. (1997) suggested that R. gallicum might have been imported to Europe as a seed contaminant. However, taking into account the relative divergence among the Sym genes of the French and Mexican R. gallicum bv. gallicum strains, this hypothesis appears unlikely.
The R. tropici sequence was positioned inside a clade including the R. etli-R. gallicum cluster (Fig. 3) . The result was supported by the maximum-likelihood analysis, but not corroborated by the bootstrap analysis. The Phaseolus sinorhizobia GR-06 and GR-X8 have similar nifH gene sequences which showed a significant close relationship only with two tropical sinorhizobia isolated from Leucaena and Prosopis spp. trees (Haukka et al., 1998) . The relatedness of this cluster to the R. gallicum-R. etli cluster could not be resolved. In the neighbour-joining tree, the cluster including the Phaseolus sinorhizobia fell outside the R. gallicum-R. etli cluster, while in the maximum-likelihood tree, the two clusters grouped in a clade. However, the nodA genes of the tree sinorhizobia BR827 and M6 did not appear to be closely related to that of R. etli (Haukka et al., 1998) . Although we lack extensive data to assume that nodA and nodC phylogenies are equivalent, this seems likely based on previous phylogenetic surveys (Lindstro$ m et al., 1995 ; Ueda et al., 1995 ; Zhang et al., 2000) . No case of incongruence was detected by comparing our nodC tree with the nodA tree from Haukka et al. (1998) , and congruence between nodB and nodC phylogenies, at least within the Rhizobium and Sinorhizobium genera, was also reported by Wernegreen & Riley (1999) . If so, that would mean that nod genes of GR-06 are not closely related to those of the sinorhizobia BR827 and M6 and, consequently, that nod and nif genes did not co-evolve together in GR-06-like strains.
The nod genes may be under a higher selective pressure to adapt to host differences, or alternatively, the nod and nif genes were not acquired together.
The second major difference between the nodC and nifH trees concerned the Medicago strain OR191, which was not associated with the tight cluster formed by S. meliloti and S. medicae in the nifH trees. The nifH sequence of OR191 formed its own lineage. Our updated analysis confirmed the earlier results of Eardly et al. (1992) indicating that this sequence was substantially different from those of the other rhizobia (similarity values lower than 89 %). Again, the data suggest that the nodC and the nifH genes did not co-evolve together in this strain.
The nodC gene of OR191 could be the ancestor from which Medicago strain genes diverged. Alternatively, OR191, and also GR-06-like strains, may have acquired only the nod genes by horizontal transfer from hostspecific ancestral nod genes. Since nod and nif genes are often closely linked, another hypothesis would be that additional events of gene exchange and internal genetic rearrangements might have followed the co-transfer of the nod and nif genes. High-frequency rearrangements in plasmids of rhizobial strains involving recombination among reiterated sequences have been reported (see Garcia-de los Santos et al., 1996 ; Romero et al., 1998) .
Previous reports also indicated that some rhizobial strains, such as S. saheli, had different phylogenetic locations within rhizobia by comparing common nod gene and nifH evolutionary trees (Dobert et al., 1994 ; Haukka et al., 1998) . Clearly, more work is needed to assess the linkage of nod and nif genes and the rest of the symbiotic genome.
Incongruence between symbiotic types and 16S-rDNA-based classification
Our results extend previously reported evidence showing that distinct rhizobial species can share similar Sym genes, and, conversely, that distinct Sym genotypes and phenotypes can be harboured by similar genomic backgrounds as defined by 16S rDNA types. Also, we observed additional cases of incongruence between the classifications and phylogenies resulting from comparative analyses of Sym genes and 16S rRNA (Figs 1-3) . The 16S rDNA type of Rhizobium sp. bv. gallicum USDA 3497 matched that of the R. mongolense type strain (Table 1) , though it should be noted that this type is closely related to that of R. gallicum van Berkum et al., 1998 ; Fig. 1 ). On the other hand, the nodC gene of R. mongolense was found to be close to that of the Medicago rhizobium OR191 (Table  1) and then probably distant from those of bv. gallicum on the basis of sequence analysis of the OR191 nodC gene. Although R. mongolense strains formed nitrogenfixing nodules on P. vulgaris , they were not able to nodulate Leucaena leucocephala in contrast with strains in bv. gallicum. Strains HT2a2 and HT4c1 harboured nodC genes typical of R. tropici, but their 16S rDNA type was identical to that of strain OR191 (Table 1) . This 16S rDNA type differed in nine restriction sites from that of the R. tropici type strain , and the sequence data indicated that strain OR191 does not show significant phylogenetic affinity for R. tropici or any other rhizobial lineage (Fig. 1) . Strains OR191, HT2a2 and HT4c1 may form a new Rhizobium species that would harbour different Sym genes. The classification resulting from the Sym gene analysis fully reflected the host specificity for the sample of mesorhizobia investigated, while the 16S-rDNA-based phylogeny was irrespective of the host plant (Sullivan et al., 1996 ; Laguerre et al., 1997 ; de Lajudie et al., 1998b ; Fig. 1 ). In particular, the sample of four strains of M. loti examined represented three distinct 16S rDNA types intermixed with other mesorhizobia from various host legumes , but they had clearly closely related nodC and nifH genes. Similarly, the samples of soybean and lupin bradyrhizobial strains investigated in this study constituted heterogeneous 16S rDNA groups that were phylogenetically intermixed with each other and with bradyrhizobia isolated from other host legumes (Xu et al., 1995) harboured similar Sym genes. The B. elkanii strains had a specific Sym RFLP type, but former phylogenetic analyses had established that the common nodulation genes of B. japonicum and B. elkanii were closely related (Dobert et al., 1994 ; Ueda et al., 1995) . However, further studies are necessary to investigate whether the Sym gene phylogeny is correlated with the 16S rRNA classification and host range within the Bradyrhizobium genus, which includes a wide variety of yet unclassified microsymbionts associated with many legumes.
The nod genes of the soybean symbionts S. fredii and B. japonicum have been reported as being of the same lineage (Dobert et al., 1994) , but the result was not supported by bootstrap analysis, as confirmed by more recent phylogenetic surveys inferred from nodA (Haukka et al., 1998) and nodC (Pre! vost et al., 2000) genes. Also, the nifH genes were not found to be related in these two species (Dobert et al., 1994 ; Haukka et al., 1998 ; Fig. 3) . Therefore, among the soybean symbionts, the Sym gene phylogenies agree with the 16S rRNA phylogeny at the genus level. By contrast, the nodC phylogeny was not only irrespective of the classification into species but also of the classification into genera among the Phaseolus rhizobia. Indeed, the highest similarity values (99-99n5 %) between the nodC genes of the Phaseolus rhizobia were found between species rather than within species (only 96n5 % similarity between the two R. etli bv. phaseoli strains, and a maximum of 84n6 % between biovars within R. gallicum and R. giardinii). Almost all the Phaseolus symbionts belong to the genus Rhizobium, but GR-06-like strains were classified into the genus Sinorhizobium. The 16S rDNA sequence of strain GR-06 was found to be identical to that of S. fredii (HerreraCervera et al., 1999) , but their Sym genes are not closely related (Figs 2 and 3) . These results are consistent with the observation that GR-06-like strains were not able to nodulate soybean (Herrera-Cervera et al., 1999) . R. giardinii provides further evidence of incongruence between nodC and 16S-rDNA-based phylogenies, the latter indicating that R. giardinii would deserve a genus status distinct from the genera described so far , as confirmed by our updated phylogenetic tree (Fig. 1) . Additional evidence of discrepancy between Sym gene phylogeny and 16S-rDNA-based classification of rhizobia in genera was obtained within the Medicago and the Sesbania symbionts (Table 1 ; Figs 1 and 2). A similar case was reported by Wernegreen & Riley (1999) for Rhizobium sp. strains isolated from Glycyrrhiza and Hedysarum species that had nod genes closely related to those of Medicago sinorhizobia.
Specificity of the rhizobia-P. vulgaris associations
The Phaseolus rhizobia investigated in this study constitute a representative sample of the Phaseolus symbionts described so far. For all the strains except R. tropici, the ability to establish a symbiosis in beans appears to be directed by a specific set of diversified but closely related nodulation genes. This should lead to a reconsideration of the usually accepted view that P. vulgaris is an undiscriminating host based on the diversity of its microsymbionts and the fact that most rhizobia studied so far are able to nodulate P. vulgaris when tested in laboratory assays (Martinez et al., 1985 ; Michiels et al., 1998) . Moulin et al. (2000) indicated that nodA phylogeny gives indications on structural features of Nod factors. It is possible that the bean symbionts that have closely related nod genes produce similar Nod factors adapted for specific bean receptors. These Sym genes may confer upon the bacteria that harbour them a good competitive ability for nodule formation on beans. Furthermore, bean isolates that were effective in nitrogen fixation have been found in each species and biovar in which they are included (Young, 1985 ; Martinez-Romero et al., 1991 ; Segovia et al., 1993 ; Amarger et al., 1994 Amarger et al., , 1997 Wang et al., 1999a) , except in R. giardinii . By contrast, the other rhizobia capable of nodulating bean plants as single-strain inoculants generally produce ineffective nodules (Martinez et al., 1985 ; Michiels et al., 1998) . Taken together, these data suggest a certain specificity in the rhizobia-bean symbiosis.
Gene transfer is probably involved in evolution of the symbiotic functions
Assuming that R. etli bv. phaseoli strains would be the symbionts that co-evolved with P. vulgaris, it has been hypothesized that they may be the original donors of the Sym plasmid in R. leguminosarum bv. phaseoli (Segovia et al., 1993) . Likewise, R. gallicum and R. giardinii bv. phaseoli probably received their Sym plasmids from R. etli bv. phaseoli or, more plausibly, from the R. leguminosarum bv. phaseoli strains which co-existed in the fields in which the R. gallicum and R. giardinii isolates originated . The hypothesis of interspecies gene transfer is supported by the high similarity of the Sym genes among the bv. phaseoli subgroups and the co-occurrence of all these species in Europe (Geniaux et al., 1993 ; Sessitsch et al., 1997 ; Herrera-Cervera et al., 1999) . In the same way, the finding that the Sym genes of strains HT2a2 and HT4c1 and of R. tropici are similar although their 16S rDNA types are relatively distant, and the co-occurrence of these rhizobia in the southwest of France , argue for interspecies gene transfer. Hence, these data support the view that gene transfer would play a role in diversification and in structuring the natural populations of rhizobia, notably those nodulating P. vulgaris.
Furthermore, this work has also revealed the probable common origin of nod and nif genes among rhizobia belonging to the Rhizobium and Sinorhizobium genera that nodulate Phaseolus, Medicago and Sesbania. These findings suggest gene exchange events across genera, Phylogenetic analysis of nodC and nifH genes which does not support the view of Wernegreen & Riley (1999) that the Sym genes in rhizobial genera diverge independently. Additionally, analysis of glutamine synthetase genes also suggests transfers of genes between the rhizobial genera (Turner & Young, 2000) . The comparison of the nod, nif and 16S rRNA phylogenies and the substantial correlation that we found between symbiotic genotypes and host plant groups taken together support the generally accepted hypothesis that lateral transfer of Sym genes and genetic rearrangements are involved in the acquisition and evolution of rhizobial symbiotic functions.
